The major site of tyrosine phosphorylation of the transforming protein of Rous sarcoma virus, pp6Ov"r (tyrosine-416), is different from the major site of tyrosine phosphorylation of its nontransforming normal cellular counterpart, pp60c rc. We have shown that antibodies against a synthetic peptide modeled on the carboxyl-terminal 13 residues of pp6eOrc specifically immunoprecipitate the major phosphotyrosine tryptic peptide of pp6w' ,rC from both chicken and rat fibroblasts. These experiments localize the major site of tyrosine phosphorylation to one or more of the three tyrosine residues in the carboxyl-terminal tryptic peptide at positions 511, 519, and 527 of the amino acid sequence of chicken pp6Oc-. are in the carboxyl-terminal 19-amino acid segment of pp60c`rc that is deleted and replaced by an unrelated sequence in pp60vO'rc. It is possible that phosphorylation of tyrosine in the carboxyl-terminal tryptic peptide may be involved in the normal regulation of pp6Oc'. The absence of this phosphorylation site in pp60vr may, in part, contribute to its oncogenic properties.
pp6Oc-. Tyrosines-519 and -527 are in the carboxyl-terminal 19-amino acid segment of pp60c`rc that is deleted and replaced by an unrelated sequence in pp60vO'rc. It is possible that phosphorylation of tyrosine in the carboxyl-terminal tryptic peptide may be involved in the normal regulation of pp6Oc'. The absence of this phosphorylation site in pp60vr may, in part, contribute to its oncogenic properties.
Rous sarcoma virus (RSV) causes rapid transformation of cells as a consequence of host cell expression of the viral src gene (1) . The product of the viral src gene, pp6ov-src is a protein kinase of 60 kDa (2-4) that phosphorylates tyrosine residues (5) .
A homologous normal cellular protein, pp6oc-src, is structurally and functionally related to pp60vsrc (6, 7) . pp6Oc-src, like pp60v-src, is a tyrosine-specific protein kinase (5) . Both pp6OC-src and pp6Ov-src are themselves phosphorylated on serine (8, 9) and tyrosine (5, 10) residues. However pp60csrc is unable to transform cells even when overproduced to levels sufficient to cause transformation by pp6Ov-src (11) (12) (13) (14) . The specific kinase activity of pp60csrc is also lower than that of pp60v-src (14) . The bulk of the predicted amino acid sequence of pp6Oc-src is similar to that of pp60v-src (15) . The most striking differences are at their carboxyl termini, where the last 19 amino acids of pp60'csrc have been replaced by an unrelated sequence of 12 amino acids in pp60vsrc (15) . In chicken cells, pp60c-src and pp60v-src are phosphorylated at the same serine site (9, 10) corresponding to position 17 (16) . In contrast, the sites of tyrosine phosphorylation in vivo differ (10) . pp60vsrc is phosphorylated both in vivo and in vitro predominantly at tyrosine-416 (17) . Although tyrosine-416 of pp60c-src can be phosphorylated in vitro with [y- 32P]ATP (17) , only a trace amount of phosphorylation at this residue was observed in vivo (14) .
The location of the major site of tyrosine phosphorylation of pp60csrc in vivo is not known, except that it is in the carboxyl-terminal 28-kDa fragment obtained by partial proteolysis with Staphylococcus aureus V8 protease (5, 9, 10) . In this paper, we report the use of antibodies against a 14-residue peptide modeled on the carboxyl terminus of pp60c-src to localize the major site oftyrosine phosphorylation to the carboxyl-terminal tryptic peptide of pp60csrc.
MATERIALS AND METHODS
Peptide Synthesis and Antibody Production. The peptides (Lys)-Thr-Ser-Thr-Glu-Pro-(Glu)-Tyr-Gln-Pro-[14C]Gly-GluAsn-Leu, modeled on the carboxyl terminus of pp6c0-src (15) , and His-Arg-Asp-Leu-Arg-Ala-Ala-Asn-Ile-Leu-Val-GlyGlu-Asn-Leu-Val-Cys-Lys-Val-Ala-Asp-Phe-[14C]Gly, corresponding to residues 384-406 of pp60c-src and pp60v-src (15, 18) , were synthesized by the Merrifield solid-phase method (19, 20) essentially as described (21) . The peptides were coupled to bovine serum albumin with glutaraldehyde and the resulting conjugates were used to immunize rabbits (22, 23) . Peptide-specific antibodies were isolated by passing antisera sequentially through a column of bovine serum albumin linked to Affi-Gel 10 (Bio-Rad) followed by an affinity column of the immunizing peptide covalently linked to Affi-Gel-10. Antisera were rinsed through both columns with 0. 15 Antibodies against the carboxyl-terminal hexapeptide of pp60V-src, prepared as previously reported (24) , were a gift of Katsuhiko Fujii.
Cells and Viruses. Secondary chicken embryo fibroblasts (CEF) were prepared essentially as described (25, 26) 40C . After brief centrifugation, the supernatant was passed through a 0.25-ml column offresh protein-A-agarose-nonimmune IgG in a Pasteur pipet.
For immunoprecipitation of pp60csrc and pp60vsrc, antiserum, preimmune serum, or affinity-purified antibodies were incubated with cleared cell extracts at a concentration of0.05 ml of affinity-purified antibodies (2 mg/ml) or antiserum per ml of cell extract for 2 hr on ice. Ovalbumin (1 mg/ml) was included in cell extracts to minimize nonspecific binding. Immune complexes were precipitated by shaking for 30 min with 0.1 ml of a 50% (vol/vol) suspension of protein Aagarose in Triton wash buffer. Pellets were washed essentially as described by Oshima (27) : three times with 1 ml of NaDodSO4/Nonidet P-40 wash buffer (0.5% NaDodSO4/1% Nonidet P-40/0.01 M Tris chloride, pH 7.4/5 mM EDTA), twice with 1 ml of sodium chloride/Nonidet P-40 wash buffer (0.5 M sodium chloride/0.05% Nonidet P-40/0.05 M Tris chloride, pH 7.4/5 mM EDTA), and finally with 1 ml of 10% (vol/vol) glycerol/0.05 M Tris chloride, pH 6.8. Washed pellets were heated to 100°C in 0.1 ml of NaDodSO4 sample buffer and analyzed by electrophoresis on 9% NaDodSO4/ polyacrylamide gels (28) followed by autoradiography.
Peptide Mapping. One-dimensional partial-proteolytic peptide mapping with S. aureus V8 protease was performed by the method of Cleveland et al. (29) .
Tryptic digestion of bands from gel slices was carried out essentially as described by Karess and Hanafusa (10) . pp60csrc (immunoprecipitated from two 10-cm plates of 32P-labeled cells) and pp60v-src bands were excised from unfixed dried gels, washed four times with 10% methanol for 15 min at room temperature with occasional mixing, and lyophilized. Dried gel slices were generally treated with 1 ml of performic acid (prepared by incubation of 1.8 ml of 95% formic acid with 0.2 ml of 30% H202 for 1 hr at room temperature) for 1 hr on ice. Performic acid supernatants were removed. Gel slices were washed with two 1-ml portions of H20 and lyophilized. Dried 
RESULTS AND DISCUSSION
Antibodies Against a Synthetic Peptide Modeled on the Carboxyl-Terminal 13 Residues of pp60CrC React Specifically with Denatured pp60csrc. Affinity-purified antibodies directed against the synthetic peptide (Lys)-Thr-Ser-Thr-Glu-Pro-(Glu)-Tyr-Gln-Pro-Gly-Glu-Asn-Leu, an analog of the carboxyl-terminal 13 residues of pp60(csrc (Thr-Ser-Thr-GluPro-Gln-Tyr-Gln-Pro-Gly-Glu-Asn-Leu), precipitated denatured pp60csrc from cell extracts prepared by heating in the presence of NaDodSO4. Peptide mapping by partial proteolysis with S. aureus V8 protease showed that this protein was pp60c-src by its similarity to pp60v-src (Fig. LA) .
The carboxyl-terminal V8 protease fragment of pp60csrc is slightly larger than the 26-kDa carboxyl-terminal V8 protease fragment of pp60v-src, as shown previously by others (6, 7, 9 (10) have shown that the tryptic peptide containing the major site of tyrosine phosphorylation of pp60-sr' in vivo exhibits more rapid mobility toward the anode at pH 6.5 than the major phosphotyrosine-containing tryptic peptide of pp60v-srC. Since the tryptic peptide containing phosphotyrosine-416 of pp60vsrc has a relatively high number of acidic amino acids (17), the major phosphotyrosine-containing tryptic peptide of pp60-srC, whose anodic mobility is even faster, would also be expected to contain a high percentage of acidic residues. Because the carboxylterminal 32-residue tryptic peptide of pp60CsrC (Fig. 2) contains five acidic amino acids and three tyrosine residues it was considered a likely candidate for the site of tyrosine phosphorylation. Acidic amino acids are frequently found in the vicinity oftyrosine phosphorylation sites in other proteins (34) . Furthermore, the fact that the structure of pp60Csrc diverges from that of pp60vsrc at the carboxyl terminus has led to speculation that the site of tyrosine phosphorylation of pp60C-srC might be near the carboxyl terminus (34) .
With these considerations in mind, we attempted to immunoprecipitate the phosphotyrosine-containing tryptic peptide from tryptic digests of 32P-labeled pp60c-src with antibodies directed against the carboxyl-terminal 13 residues of pp60(-sr. Immunoprecipitated tryptic peptides and supernatants were analyzed by electrophoresis on 40% polyacrylamide gels (30). This gel system was found to be less sensitive to overloading by constituents in the immunoprecipitate pellets and supernatant fractions than conventional peptide mapping on TLC plates.
On this gel system a number of tryptic phosphopeptides of pp60CSrC could be resolved. Phosphoamino acid analysis showed that the most heavily phosphorylated band at the top ofthe gel contained phosphoserine, whereas the more rapidly migrating doublet contained phosphotyrosine as indicated (Figs. 1C, 3 , and 4). For reasons described below, it is likely that both bands of the phosphotyrosine doublet are different forms of the same peptide.
In accord with previous observations (9, 10), the tryptic phosphoserine-containing peptides of chicken pp60csrc and pp60vsrc have the same electrophoretic mobilities, whereas the major chicken phosphotyrosine-containing tryptic peptides differ (Fig. 1B) . Unexpectedly, the major phosphoserine-containing tryptic peptide of pp60-src from Rat 1 cells Immunoprecipitation of the phosphotyrosine-containing tryptic peptide ofchicken pp6C -src by antibodies against the carboxyl terminus. A tryptic digest (lane 1) of pp60-1rc (not performic acid oxidized) from normal CEF was immunoprecipitated with affinitypurified antibodies against the carboxyl-terminal 13 residues of pp60c-s' (0.13 mg/ml). The pellet (lane 2) and the supernatant (lane 3) were electrophoresed on a 10-cm-long, 1.5-mm-thick 40% polyacrylamide gel. The pellet from immunoprecipitation of pp6(c-srC tryptic peptides by control antibodies against the carboxyl-terminal hexapeptide of pp60-src (0.13 mg/ml) was analyzed simultaneously (lane 4). The pp60`rc used for trypsin digestion was isolated by antibodies against residues 384-406. P-Ser, phosphoserine peptide; P-Tyr, phosphotyrosine peptide. 6) was immunoprecipitated with antibodies against the carboxyl-terminal 13 residues of pp60cs1 (lane 7, pellet; lane 8, supernatant) and with antibodies against the carboxyl-terminal 6 residues of pp60v-src (lane 9, pellet; lane 10, supernatant). Conditions were as described in Fig. 3 except that the antibody concentration used was lower (0.02 mg/ml). pp60c-src, for trypsin digestion, was isolated from Rat 1 cells by treatment with antibodies against residues 384-406. pp60v`S was isolated from AnAn cells by immunoprecipitation with antibodies against the carboxyl-terminal hexapeptide of pp60V-src. P-Ser, phosphoserine peptide; P-Tyr, phosphotyrosine peptide.
did not comigrate with that of pp60csrc from CEF (data not shown) or with the major phosphoserine-containing tryptic peptide of pp60vsrc (Fig. 1C) . Since the amino acid sequence of pp6csrc of Rat 1 cells is unknown, the difference in mobilities of the phosphoserine-containing tryptic peptides may result from a possible minor variation in the composition of the fragments isolated from the chicken and rat proteins. Alternatively, structural variations in pp60csrc or differing specificities of the endogenous serine kinases in the two species may lead to different sites of phosphorylation.
When tryptic digests of 32P-labeled pp6'c-src from normal CEF were immunoprecipitated by antibodies against a synthetic peptide modeled on the carboxyl-terminal 13 residues of pp6csrc, the phosphotyrosine-containing tryptic peptide doublet was precipitated (Fig. 3, lane 2) . The amount of the phosphotyrosine doublet was markedly diminished in the supernatant fraction after immunoprecipitation (Fig. 3, lane  3) as compared with the quantity present prior to immunoprecipitation (Fig. 3, lane 1) . As expected, the phosphoserine-containing tryptic peptide was not precipitated. None of the tryptic peptides of pp60csrc was immunoprecipitated by control antibodies such as antibodies against the carboxylterminal hexapeptide of pp60vsrc (Fig. 3, lane 4) or by preimmune serum (data not shown). Precipitation of the phosphotyrosine-containing tryptic peptide doublet of pp60csrc by antibodies against the carboxyl terminus of pp6CSrC was blocked by the corresponding synthetic peptide (data not shown).
The phosphotyrosine-containing tryptic peptide doublet of pp6CSrC from Rat 1 cells, which comigrates with that of pp6csrc from CEF, was also precipitated by antibodies against the carboxyl terminus of pp6Ocsrc (Fig. 4, lane 4) . The lower efficiency of precipitation was due to the lower antibody concentration used in Fig. 4 . The phosphoserinecontaining tryptic peptide was not precipitated. None of the tryptic peptides of pp6-src from Rat 1 cells was precipitated by a control antibody against the carboxyl-terminal hexapeptide of pp60vsrc (Fig. 4, lane 1) or by preimmune serum (data not shown). Precipitation of the phosphotyrosine doublet by antibodies against the carboxyl terminus of pp6Oc-src was blocked by the synthetic carboxyl-terminal peptide (data not shown). As negative controls, neither of the tryptic phosphopeptides of pp60v-src from AnAn cells (SRA-RSV-transformed rat cells) were precipitated by antibodies against the carboxyl termini of pp60c-src and pp60vsrc (Fig. 4, lanes 7 and  9) . The failure to observe precipitation of the phosphotyrosine-containing tryptic peptide of pp60vsrc was expected since this site is not in the carboxyl-terminal tryptic peptide.
The observation that the tryptic peptide containing phosphotyrosine is specifically precipitated by antibodies against the carboxyl-terminal 13 residues of pp6Ocsrc indicates that the major site of in vivo tyrosine phosphorylation is located in the carboxyl-terminal tryptic peptide ofpp6Oc-src. None of the other tyrosine-containing tryptic peptides of pp6csrc is homologous with the immunizing peptide. From the deduced amino acid sequence of chicken pp60csrc (15) , it can be predicted that the carboxyl-terminal tryptic peptide is 32 or 33 residues long, depending on whether the Arg-Asp bond between positions 501 and 502, which is adjacent to an Arg-Arg sequence, is completely cleaved (Fig. 2) . Since trypsin is an endopeptidase, the second arginine of the Arg-Arg sequence (Arg-501) may not be completely cleaved in that fraction of pp60c-src molecules initially cleaved at the first arginine. Although the src proteins were digested twice with trypsin at 0.1 mg/ml to ensure complete cleavage of susceptible bonds, the Arg-Pro bond between positions 506 and 507 would not be expected to be cleaved. The heterogeneity that causes the phosphotyrosine tryptic peptide to migrate as a doublet may be a consequence of incomplete cleavage by trypsin adjacent to the Arg-Arg sequence or, alternatively, may result from degradation or modification during sample preparation. Regardless of the nature of the heterogeneity, it is clear that both components of the phosphotyrosine doublet are forms of the carboxyl-terminal tryptic peptide, since both are specifically precipitated by antibodies against a synthetic peptide modeled on the carboxyl-terminal 13 residues of pp60c-src.
Immunoprecipitation of the major phosphotyrosine-containing tryptic peptide of pp6csrc by antibodies against the carboxyl terminus localizes the major site of tyrosine phosphorylation to one or more of the three tyrosine residues in the carboxyl-terminal tryptic peptide (Fig. 2) . Two of the tyrosine residues, those located at positions 519 and 527, are in the 19-amino acid carboxyl-terminal segment absent in pp6v-src (15) . The third possible site, tyrosine-511, is in the region common to both pp6oc-src and pp6O-src and is situated four residues from the junction where the sequences of pp60csrc and pp60v-src diverge. The epidermal growth factor (EGF) receptor, a member of the src family of tyrosine kinases, undergoes phosphorylation at several tyrosines on treatment of intact cells with EGF. The tyrosine 14 residues from the carboxyl terminus is phosphorylated most extensively in vivo (35) . This site is absent in the v-erbB protein of avian erythroblastosis virus, a truncated version of the EGF receptor (35) . It has been proposed that phosphorylation of the EGF receptor at this site may influence its tyrosine kinase activity (35) . Iba et al. (14) have shown that replacement of either the carboxyl terminus or the remainder of pp60csrc by the corresponding segments of pp6Ov-src activates the transforming potential and increases the kinase activity of pp6Oc-src. Phosphorylation of tyrosine in the carboxyl-terminal tryptic peptide of pp60c-src may be involved in the normal regulation of pp6Oc-src (36) either directly or by mediating interactions with other factors, and this may explain why substitutions in this region convert pp6oc-src into an acutely oncogenic protein.
